to the knee and have not prevented osteoarthritis in the long term 6, 7 . Double-bundle PCL reconstructions that restore the posteromedial bundle in addition to the biomechanically and functionally dominant anterolateral bundle have demonstrated some improvement in knee stability in vitro 8, 9 . However, clinical studies to date have not demonstrated improved subjective or objective outcomes for double-bundle compared with singlebundle reconstructions [10] [11] [12] [13] [14] .
There is a growing paradigm that cruciate ligament reconstruction achieves improved results with restoration of the native anatomy [15] [16] [17] [18] [19] [20] . While this has been better supported in the anterior cruciate ligament (ACL) literature 21, 22 , with the higher frequency of ACL injuries having facilitated an accelerated progression of research findings, similar evidence is mounting for the treatment of PCL tears. Early in vitro studies evaluating isometric PCL reconstructions demonstrated inferior performance compared with more anatomic tunnel placement because the isometric reconstructions resulted in posterior translational instability in flexion and knee overconstraint in extension 9, 17, 23 . Likewise, suboptimal clinical results have been reported for non-anatomic, compared with more presumed anatomic, femoral tunnel placement 19 . However, an accurate and reproducible method to guide anatomic tunnel placement for PCL reconstructions has not been developed 16 . The ''clock-face'' method is the most frequently reported method to describe PCL femoral tunnel placement 16 . However, anatomic and surgical studies have demonstrated wide disagreement in the reported locations of the PCL bundles with use of the clock-face method 16 . Furthermore, the clock-face method has been shown to have poor reproducibility between surgeons when used for ACL tunnel placement 24 . A standardized method to guide tibial tunnel placement also has not been described.
Our motivation for this study was to provide guidelines for femoral and tibial PCL tunnel placement based specifically on a more detailed understanding of the surrounding anatomy so that recognition of key landmarks could more accurately guide arthroscopic localization of the PCL attachment centers on the femur and tibia. The purpose of the present study was to both qualitatively and quantitatively describe the locations of the anterolateral and posteromedial bundles of the PCL relative to arthroscopically relevant landmarks to assist with anatomic tunnel placement during both single and double-bundle PCL reconstruction surgery.
Materials and Methods Specimens
T welve femoral and twelve tibial bone specimens from the Human Anatomy Program at the University of Colorado at Boulder were qualitatively analyzed for osseous prominences related to the position of the PCL. Three freshfrozen nonpaired knees were then dissected as pilots to verify the presence of these osseous prominences and to define the optimal dissection approach.
Anatomic Dissection
Next, dissections were performed on twenty nonpaired, fresh-frozen human cadaveric knees with no evidence of previous injury or degenerative change. The mean age of the donors at the time of death was 46.2 years (range, twentyone to forty-nine years). Standard anatomic nomenclature was used with the knee described in the extended position 25 . The PCL was approached anteriorly through a medial parapatellar arthrotomy and posteriorly by means of careful dissection of the posterior capsule and the oblique popliteal ligament, with blunt instrumentation being used to avoid damaging the distal fibers of the PCL or the posterior meniscofemoral ligament. If present, the anterior meniscofemoral ligament of Humphrey and the posterior meniscofemoral ligament of Wrisberg were separated from the PCL. Because the anterolateral bundle is tightest at 90°of knee flexion and the posteromedial bundle is tightest at both full extension and flexion, the anterolateral bundle and posteromedial bundle were individually identified following observation of their tensioning patterns as the knee was repeatedly cycled through its range of motion. The initial separation between the bundles was created posteriorly with a curved fine-tipped hemostat, close to the femoral attachment, where the separation between the bundles was best visualized. Next, the bundles were divided completely with use of fine dissecting scissors along the interfascicular connective tissue between the bundles. Nonabsorbable sutures were used to isolate each fiber bundle proximally and distally, with the functional center of each individual bundle being isolated according to a previously described technique 25 , and the knee was disarticulated. Illustration of the anterior view of a right knee flexed to 90°with the PCL intact, demonstrating the characteristic morphology of the cartilage margin of the femoral intercondylar notch. The illustration also shows the trochlear, medial arch, and posterior points as well as the intercondylar notch apex and trochlear groove. ACL = anterior cruciate ligament, ALB = anterolateral bundle, aMFL = anterior meniscofemoral ligament, and PMB = posteromedial bundle.
Finally, the proximal end of the femur and the distal end of the tibia were potted to provide secure fixation during the measurement process.
Quantitative Anatomic Measurements
The Liberty electromagnetic tracking system (Polhemus, Colchester, Vermont) was used to perform quantitative measurements. Three-dimensional positional data were collected with use of a calibrated stylus that sensed its position relative to an electromagnetic field produced by the transmitter. Following secure fixation of the specimen to the testing apparatus, the PCL bundles, the anterior meniscofemoral ligament, and the posterior meniscofemoral ligament were sharply dissected from their attachments. The outline of each attachment site was immediately recorded with the stylus. Then, distances were measured between the center of the fiber bundles and the anatomic landmarks. All dissections were performed with the senior author (R.F.L.) present, and all reported measurements were performed by the same individual to decrease interobserver variability. The MotionMonitor software package (version 8, Innovative Sports Training, Chicago, Illinois) ran the Polhemus system during the data-collection process and exported the distances between landmarks and the three-dimensional coordinates of the outlines of the traced structures. Areas of traced structures were calculated from the coordinate files of the tracing and are reported as the area of the three-dimensional surface. Angular differences between structures were calculated from normal vectors of the planes representing the structures.
Validation
To assess the accuracy of the electromagnetic tracking system, a calibration device with a fixed linear distance accurate to within 0.074 mm and a circular area accurate to within 0.000028 mm 2 was utilized. This calibration device was precisely fabricated with a vertical endmill and lathe equipped with a highly accurate digital readout system (Sharp Industries, Torrance, California, and Mitutoyo America, Aurora, Illinois). Measurement error for the Polhemus system was calculated from twenty repeated measurements performed by two separate observers using this device. In order to establish the interobserver reproducibility of the measurements between the anatomic landmarks and the center of the fiber bundles, five of the cadaveric specimens were completely remeasured by a second observer, and average-measure interobserver interclass correlation coefficients (ICCs) were calculated (SPSS, version 18; SPSS, Chicago, Illinois) on the basis of the repeated measurements. 1938
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Results

Morphology of the Distal Articular Cartilage Margin of the Femoral Intercondylar Notch
Q ualitative analysis of the femoral bone specimens revealed a consistent pattern of the shape of the distal articular cartilage margin of the intercondylar notch. In correlating these osseous landmarks on the femoral bone specimens to the fresh cadavers, three distinct points along this margin were identified where the slope of the cartilage margin immediately changed direction in a consistent and definable manner: the trochlear, medial arch, and posterior points (Figs. 1 and 2). On the lateral side of the intercondylar notch, the intersection of the sulcus terminalis with the cartilage edge created a convexity. Anterior to this convexity, the articular cartilage edge formed the apex of the intercondylar notch, which was the most anterior extent of the notch. This apex was centered on the trochlear groove, on the lateral side of the midline. On the medial side of the apex, a point was consistently found where the cartilage abruptly turned medially, which we termed the ''trochlear point'' (Figs. 1 and 2). The cartilage margin continued posteromedially in a smooth arch. At the end of this arch, there was a point along the medial wall of the notch where the cartilage became oriented straight posteriorly. We termed this point the ''medial arch point.'' Continuing along the articular cartilage edge, the most posterior extent of the cartilage margin of the medial femoral condyle was termed the ''posterior point'' ( Fig. 3-A) .
Osseous Morphology of the Roof and Walls of the Femoral Intercondylar Notch
Qualitative analysis of the femora revealed that the roof and walls of the intercondylar notch had a consistent morphology that was related to the attachments of the anterolateral and posteromedial bundles (Fig. 3-A) . The previously described medial intercondylar ridge 26 was found in all specimens. This ridge was found to constitute the proximal borders of both the anterolateral and posteromedial bundles in every specimen. On the wall of the medial femoral condyle, where it marked the proximal border of the posteromedial bundle, this ridge was oriented directly in the anteroposterior plane as it extended anteriorly from the posterior point of the articular cartilage (Figs. 3-A and 4 ). The medial intercondylar ridge then continued across the roof of the intercondylar notch, where it marked the proximal border of the anterolateral bundle (Figs. 3-A and 4). The medial bifurcate ridge has been previously reported to mark the separation between the anterolateral and posteromedial bundles 26 . We identified a medial bifurcate ridge between the anterolateral and posteromedial bundles in only three specimens. However, in every specimen, there was a palpable and visible osseous prominence, previously not described, that was positioned adjacent to the medial intercondylar ridge at the separation of the anterolateral and posteromedial bundles; we termed this structure the ''medial bifurcate prominence'' (Fig. 3-A) .
Femoral Attachment of the PCL Quantitative data on the femoral attachment of the anterolateral and posteromedial bundles are reported in Table I . While there was minor variability in the sizes of the footprints of the anterolateral and posteromedial bundles, the described landmarks were found to consistently reflect the borders of the footprint of each bundle in every specimen. Qualitatively, the center of the anterolateral bundle could be triangulated between the trochlear point, the medial arch point, and the Photographs showing the femoral attachment of the PCL in a right knee with the fibers intact (top) and sharply dissected (bottom). ALB = anterolateral bundle, aMFL = anterior meniscofemoral ligament, PMB = posteromedial bundle, and pMFL = posterior meniscofemoral ligament.
medial bifurcate prominence ( Fig. 3-A) . The mean distance (and standard deviation) between the centers of the anterolateral and posteromedial bundles was 12.1 ± 1.3 mm (Fig.  3-B) . The center of the anterolateral bundle was a mean of 7.4 ± 1.2 mm from the trochlear point and 11.0 ± 2.4 mm from the medial arch point. The mean distance from the center of the anterolateral bundle to the articular cartilage distally, parallel to the long axis of the femur, was 7.9 ± 1.5 mm. Along this same line, the distal edge of the anterolateral bundle fibers was 1.5 ± 0.8 mm proximal to the articular cartilage margin. The posteromedial bundle femoral attachment was more variable in shape and size than the anterolateral bundle femoral attachment was. The posteromedial bundle was consistently bordered by the medial intercondylar ridge proximally and the anterolateral bundle anteriorly. The distal border was usually shared with the anterior meniscofemoral ligament, if present. The posteromedial bundle was a mean of 11.1 ± 1.9 mm from the medial arch point and 10.8 ± 2.0 mm from the posterior point (Fig. 3-B) . The mean distance from the center of the posteromedial bundle to the articular cartilage distally, parallel to the long axis of the femur, was 8.6 ± 1.9 mm. Along this same line, the distal edge of the posteromedial bundle fibers was a mean of 5.8 ± 1.7 mm proximal to the articular cartilage margin.
Tibial Attachment of the PCL Quantitative data on the tibial attachment of the PCL as well as the anterolateral and posteromedial bundles are reported in Table II . The tibial attachment of the PCL was located below the articular surface of the tibia in a sulcus between two osseous prominences, which were the posterior aspects of the medial and lateral tibial plateaus. This sulcus has been termed the PCL facet (Fig. 5) 
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. Similar to how the anteromedial bundle of the ACL has been reported to envelop the posterolateral bundle at its tibial attachment 25 , the posteromedial bundle enveloped the medial and posterior sides of the anterolateral bundle, giving the posteromedial bundle footprint the appearance of having two arms (Fig.  6) . However, the thickest portion of the posteromedial bundle was located posteromedial to the anterolateral bundle, which was where the functional center of the bundle was defined (Fig. 6) . The lateral posteromedial bundle fibers that were located posterior to the anterolateral bundle along the bundle ridge, analogous to the previously described ''posterior-oblique'' PCL fibers 28 , were markedly thinner than the rest of the bundle. 1940
When viewed from an arthroscopic perspective, the PCL tibial footprint was divided into two planes by a horizontal ridge of bone. This ridge was termed the ''bundle ridge'' because it occurred along the separation between the anterolateral and posteromedial bundles (Fig. 7-A) . At the lateral limit of the bundle ridge, the articular cartilage of the lateral tibial plateau exhibited an abrupt distolateral turn, termed the ''lateral cartilage point'' (Figs. 5 through 8) . The lateral cartilage point was readily visible arthroscopically (Figs. 7-A, 7-B, and 8) . The bundle ridge extended medially to the medial limit of the posterior border of the anterolateral bundle and did not extend through the attachment of the medial fibers of the posteromedial bundle. The shiny white fibers of the posterior horn of the medial meniscus were positioned anteromedial to the anterolateral bundle (Figs. 6 and 7-A) . These transversely oriented fibers, located distal to the posterior root attachment fibers of the posterior horn of the medial meniscus, were one of the most notable landmarks in the PCL facet because of their brilliant-white arthroscopic appearance (Fig. 8) . The distolateral corner of these fibers was termed the ''shiny white fiber point.'' The medial side of the PCL was bordered by the osseous wall descending distal to the medial tibial plateau articular surface. At the distal base of this wall, the medial edge of the posteromedial bundle footprint consistently coincided with a groove oriented in the anteroposterior direction, termed the ''medial groove'' (Fig. 7-A) . The distal border of the PCL is often described relative to the prominent ridge at the most posterior aspect of the tibial plateau 27 . This ridge has been termed the ''champagne-glass drop-off '' on the basis of its lateral radiographic and anatomic appearance 27 . This ridge coincides with the inferior attachment of the joint capsule, below which the popliteus muscle fibers can be found arthroscopically when the capsule is punctured (Fig. 8) . The champagne-glass drop-off was a useful arthroscopic landmark because it consistently marked the distal border of the posteromedial bundle of the PCL.
The center of the overall PCL tibial attachment was a mean of 7.8 ± 1.4 mm from the shiny white fiber point, 9.8 ± 1.6 mm from the lateral cartilage point, 5.0 ± 0.9 mm from the medial groove, and 1.3 ± 0.5 mm proximal to the bundle ridge ( Fig. 7-B) . The mean distance between the centers of the anterolateral and posteromedial bundles was 8.9 ± 1.2 mm. The Posterosuperior photograph of the tibial attachment of the PCL in a right knee. ALB = anterolateral bundle, and PMB = posteromedial bundle. 1941
center of the anterolateral bundle was a mean of 6.1 ± 1.0 mm from the shiny white fiber point, 8.6 ± 1.6 mm from the lateral cartilage point, 7.2 ± 1.1 mm from the medial groove, and 4.9 ± 0.9 mm from the bundle ridge. The center of the posteromedial bundle was a mean of 11.1 ± 1.8 mm from the shiny white fiber point, 12.6 ± 1.7 mm from the lateral cartilage point, and 3.1 ± 1.1 cm lateral to the medial groove.
Meniscofemoral Ligaments
At least one meniscofemoral ligament was present in nineteen (95%) of the twenty knees. The anterior meniscofemoral ligament was present in fifteen (75%) of the twenty knees, and the posterior meniscofemoral ligament was present in sixteen (80%) of the twenty knees. Both meniscofemoral ligaments were present in twelve (60%) of the twenty knees. The most common arrangement of the femoral footprints of the meniscofemoral ligaments, found in ten of the twelve of knees with both meniscofemoral ligaments, was with the posterior meniscofemoral ligament, posteromedial bundle, and anterior meniscofemoral ligament aligned parallel to each other, proximally to distally (Figs. 3-A and 4) . The posterior meniscofemoral ligaments of all specimens were located directly proximal to the medial intercondylar ridge, proximal to the posteromedial bundle. In twelve of fifteen specimens, the anterior meniscofemoral ligament was distal to the posteromedial bundle. The anterior meniscofemoral ligament was located distal to the anterolateral bundle fibers in only three of fifteen specimens. In three of the five specimens in which the anterior meniscofemoral ligament was absent, the posteromedial bundle footprint extended distally to the articular cartilage margin.
Validation Analysis
The error of the electromagnetic tracking system was calculated to be 0.64% and 0.51% for the measurement of the fixed linear distance and the known circular area, respectively. The interobserver ICC for the repeated measurements on five of the cadaveric specimens by the two separate observers was 0.995.
Discussion
W e found that the locations of the PCL attachments on the femur and tibia could be accurately described relative to arthroscopically pertinent landmarks surrounding the attachment sites. The center of the femoral anterolateral bundle tunnel should be triangulated on the basis of the trochlear point, the medial arch point, and the medial bifurcate prominence, with the distal edge placed adjacent to the articular cartilage. The femoral posteromedial bundle tunnel should be placed equidistant from the posterior point and the medial arch point and placed just distal to the medial intercondylar ridge, with the center an average of 8.6 mm proximal to the articular cartilage margin. The center of a single PCL tunnel on the tibia should be placed just anterosuperior to the bundle ridge, on the medial side of the PCL facet and 9.8 mm from the lateral cartilage point and 5.0 mm from the medial groove. Between tibial plateau and PCL facet 44.9 ± 7.0 *The values are given as the mean, with the range in parentheses. †The values are given as the mean and the standard deviation.
Previous measurements of the femoral attachment of the PCL have often been reported on the basis of lateral views with the lateral femoral condyle removed 26, [29] [30] [31] [32] . However, these measurements have limited arthroscopic applicability because they do not adequately illustrate the substantial attachment of the anterolateral bundle on the roof of the intercondylar notch. The anatomic descriptions in the present study are reported from an arthroscopic perspective. The positions of the anterolateral and posteromedial bundles have been previously reported with respect to an arthroscopic view of the knee 33 . However, we found the center of the anterolateral bundle to be more distal, located at a mean of 7.9 mm proximal to the cartilage edge, rather than the 13 mm previously reported 33 . Furthermore, our finding that the center of the anterolateral bundle was 7.9 mm proximal to the articular cartilage is consistent with other anatomic studies 26, 29, 31, 32 . Likewise, our finding that the center of the posteromedial bundle was 8.6 mm from the cartilage edge is also consistent with previous studies 26, 32, 33 . Measurements between the distal edge of the PCL fibers and the articular cartilage have been previously reported parallel to the notch roof 29 . We report the distance between the distal edge of the PCL fibers and the articular cartilage parallel to the long axis of the femur because it is more arthroscopically applicable. We found that the anterolateral bundle fibers were only 1.5 mm proximal to the cartilage margin. Because it has been previously reported that distal femoral tunnel placement results in improved stability against posterior translation than more proximal tunnel placement does 17, 23 and also that errors in tunnel placement in the proximal-distal direction affect knee stability greater than in other directions 23 , we recommend that the distal edge of an anterolateral bundle reconstruction tunnel be placed adjacent to the cartilage as the graft fibers will be displaced away from the cartilage with graft tensioning. An oblique tunnel orientation, rather than a horizontal tunnel orientation, is necessary to avoid violating the subchondral bone, which could lead to osteonecrosis or an insufficiency fracture. Unlike the anterolateral bundle femoral attachment, which was adjacent to the articular cartilage margin, the anterior margin of the posteromedial bundle fibers was located 5.8 mm proximal to the cartilage margin. Thus, a femoral reconstruction tunnel of the posteromedial bundle should be placed more proximal from the articular cartilage margin to replicate its anatomic position.
The medial intercondylar ridge and the medial bifurcate ridge are recently reported structures related to the positions of the anterolateral and posteromedial bundles on the femur 26 . We found that the medial intercondylar ridge was located on the medial wall of the notch, extending anteriorly from the posterior point, and that it consistently marked the proximal borders of the posteromedial and anterolateral bundles. As the medial bifurcate ridge was present in only 15% of specimens, its use as an arthroscopic landmark may be limited. However, as the medial bifurcate prominence was found in all specimens, this landmark should be sought to identify the posteroproximal end of the border between the anterolateral and posteromedial bundles.
Quantitative results are not reported in relation to an estimated center of the PCL on the femur because the attachment was so broad that center localization was not consistently practical. Furthermore, we do not believe that it would be feasible to place one reconstruction tunnel centered on the PCL attachment on the femur without excluding a substantial portion of the anterolateral bundle fibers or potentially damaging the meniscofemoral ligaments positioned in close proximity to the posteromedial bundle. With an average distance of 12.1 mm between the anterolateral and posteromedial bundles, utilization of an 11-mm-diameter anterolateral bundle tunnel and a 7-mm posteromedial bundle reconstruction tunnel, as reported clinically 27 , would still allow for a 3-mm bone bridge between the two femoral reconstruction tunnels. As singlebundle reconstructions typically aim to reconstruct the functionally dominant anterolateral bundle, our results for the femoral location of the anterolateral bundle can also be used to guide tunnel placement in single-bundle PCL reconstructions.
The tibial attachment of the PCL was substantially more compact than the femoral attachment. While the tibial attachment of the PCL is often described relative to the prominent ridge at the most posterior aspect of the tibial plateau, termed the champagneglass drop-off 27 , few other landmarks have been described [34] [35] [36] [37] . A ''shelf'' positioned through the PCL facet 37 as well as a change in slope at the area of the bundle ridge have been previously reported 35 . These descriptions appear to be consistent with the structure herein described as the bundle ridge. We further describe the nature of this structure in relation to the attachment of the PCL in order to augment its use as a landmark for PCL reconstruction surgery. While the shiny white fibers of the posterior horn of the medial meniscus have been previously recognized to occur anteromedial to the anterolateral bundle 37 , we are unaware of any previous reports quantifying measurements of this structure. A previously described depression at the superomedial corner of the PCL attachment on the tibia 34 may correlate with the anterior aspect of the medial groove that we have described.
Others have reported difficulty in identifying the tibial attachments of the anterolateral and posteromedial bundles because of their close proximity at one insertion area 38 . We did not find the anterolateral and posteromedial bundles to be readily separable; however, careful dissection along interfascicular connective tissue after the initial separation had been made revealed the consistent shape of the anterolateral bundle and posteromedial bundle tibial footprints as reported in the present study. We found the mean distance between the centers of the anterolateral and posteromedial bundles to be only 8.9 mm. The closer proximity of the anterolateral and posteromedial bundle attachments on the tibia would make it prudent to consider one tibial tunnel for both single and double-bundle PCL reconstructions. In addition, the two-armed shape of the posteromedial bundle could not be reproduced with one round tunnel. As the functional center of the posteromedial bundle fibers was located directly posteromedial to the anterolateral bundle, a well-placed single tibial reconstruction tunnel could encompass this fiber region. Also, as the bundle ridge was only 1.3 mm distal to the overall PCL center, it would be justified to identify the bundle ridge with a tibial drill guide and then target the guide pin to protrude just proximal to this ridge. Likewise, a PCL inlay graft should also be centered at this site.
We recognize that the present study has some limitations. A limited number of specimens were used, which may not have demonstrated the full spectrum of anatomic variation. However, to our knowledge, this study is one of the largest anatomic studies on the PCL, and the results were consistent between specimens. In addition, we did not specifically vary the order of measurements of the individual PCL bundles, which may have introduced some order bias. Instead, we measured each individual PCL bundle immediately after it was sharply dissected from its attachment location.
The findings of the present study provide qualitative descriptions and quantitative measurements of arthroscopic landmarks for the femoral and tibial attachments of the PCL. The results presented in this study can assist with more anatomic tunnel placement in single and double-bundle PCL reconstructions. The results also suggest that two reconstruction tunnels are needed to reconstruct the broad PCL femoral attachment, whereas one reconstruction tunnel should be investigated further for the compact tibial attachment. n
